The assembly of a collection of gene-expression signatures of the major types of B-cell non-Hodgkin's lymphoma has identified increased T-cell leukemia/lymphoma 1A (TCL1) expression in multiple lymphoma types and cases, and has enabled the investigation of the functional and clinical importance of TCL1 expression. Specifically, Burkitt's lymphoma cases show a homogeneously strong expression of TCL1, whereas diffuse large B-cell lymphoma, follicular lymphoma, mantle cell lymphoma, chronic lymphocytic leukemia, nodal marginal zone lymphoma, and splenic marginal zone lymphoma display a striking variability in the intensity of TCL1 staining. This was validated in two independent series. A Gene-Set Enrichment Analysis of the genes correlated with TCL1A expression found that variation in the level of expression of TCL1A was significantly associated with some of the most important gene signatures recognizing B-cell lymphoma pathogenesis and heterogeneity, such as germinal center, B-cell receptor, NF-jB (and its target genes), death, MAP kinases, TNFR1, TOLL, and IL1R. Additionally, TCL1 expression was correlated with shorter time to treatment in chronic lymphocytic leukemia cases and shorter lymphoma-specific survival in mantle cell lymphoma series, thus indicating the clinical and biological significance of TCL1 expression, and suggesting TCL1A as a potential therapeutic target.
Molecular pathogenesis of non-Hodgkin's lymphoma is determined by an interaction between the tumor cell and its microenvironment. 1 This interaction controls the activation of B-cell receptor, NF-kB, and other signaling pathways, and eventually regulates apoptosis and cell cycle. 2, 3 Some primary and secondary cytogenetic alterations have been identified that involve oncogenes such as c-MYC in Burkitt's lymphoma, BCL-2 translocation (t14;18) in follicular lymphoma, CCND1 translocation (t11; 14) in mantle cell lymphoma, TCL1A deregulation in chronic lymphocytic leukemia, 4 and BCL-6 deregulation in diffuse large B-cell lymphoma. 5, 6 However, there is an urgent need to identify additional accurate molecular markers, and to apply our accumulated knowledge about lymphoma pathogenesis to targeted therapy. Although the effort expended on recognizing disease-specific molecular markers has led to the identification of many individual markers, such as CCND1, BCL6, ZAP70, and CD30, the molecular pathogenesis of the different types of non-Hodgkin's lymphoma seems to be characterized by the activation of some major B-cell lymphoma pathways that are commonly deregulated in B-cell non-Hodgkin's lymphoma types. To date, however, little has been done to identify nonlymphoma-type-specific alterations that could consistently determine lymphoma pathogenesis.
Here we have focused on the biological and clinical relevance of TCL1A expression, and its relation with B-cell receptor activation. The involvement of B-cell receptor signaling 7 and the TCL1A oncogene 8 in pathogenesis of B-cell non-Hodgkin's lymphoma has already been demonstrated. Dysregulation of TCL1A expression in T cells, by chromosome rearrangements, or in B cells, possibly by Epstein-Barr virus infection or microRNA targeting, enhances cell proliferation and survival, and leads to cell transformation following prolonged latency. 4, [9] [10] [11] Dysregulation of TCL1A, secondary to miR-29 and miR-181 loss, is a causal event in the pathogenesis of the aggressive form of chronic lymphocytic leukemia, and probably of splenic marginal zone lymphoma. 9, 12 Aberrant TCL1A expression also promotes malignant transformation of germinal center B cells. 13 A role of TCL1A oncogene in the pathogenesis of other B-cell nonHodgkin's lymphoma malignancies has already been proposed, 4 but the exact mechanisms by which TCL1A regulates tumor development in non-Hodgkin's lymphoma is not yet fully understood.
14 Here we analyze gene-expression profiling data obtained from the analysis of the various B-cell lymphoma types, to investigate the functional significance of TCL1A in B-cell non-Hodgkin's lymphoma and the clinical relevance of increased TCL1A expression in mantle cell lymphoma and chronic lymphocytic leukemia.
Materials and methods

Patients and Controls
The microarray data (GSE9327) from 187 cases of B-cell non-Hodgkin's lymphoma available in the GEO public repository under MIAME regulations (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi? token ¼ ftenzyyykicqqfi&acc ¼ GSE9327) were used in this study. The microarray data have been previously published by our group and include those for Burkitt's lymphoma (9 cases), diffuse large B-cell lymphoma (36 cases), 15 mantle cell lymphoma (38 cases), 16 chronic lymphocytic leukemia (38 cases), 17 follicular lymphoma (33 cases), 18 nodal marginal zone lymphoma (6) , and splenic marginal zone lymphoma (27 cases). 19 Reactive lymph nodes from eight patients and spleen from three patients were also analyzed. The cases were selected on the basis of the standard WHO Classification criteria. 20, 21 All samples were fresh frozen diagnostic samples taken previous to treatment, and were provided by the hospitals and the CNIO Tumor Bank, under the supervision of the Local Ethic Committees.
In addition, an already published series of 98 cases of chronic lymphocytic leukemia hybridized on a chronic lymphocytic leukemia-specific 1.9K Oligonucleotide Microarray (Agilent Technology) was used for TCL1A analysis. 22 Main clinical characteristics of the patients 22 are summarized in Table 1a .
Additional 64 patients diagnosed as mantle cell lymphoma 23 were collected by the CNIO Tumor Bank Network under the supervision of the Local Ethic Committees. All cases were histologically reviewed by a team of pathologists (SMRP and MAP), in accordance with the WHO criteria. 20, 21 Table 1b .
Gene-Set Enrichment Analysis and Regulatory Network Analysis
We conducted Gene-Set Enrichment Analysis to understand the functional pathways that are coregulated with the expression of TCL1A. The gene set database included Biocarta pathways, 24 clusters of functionally related coregulated genes identified in unsupervised clustering by us, and molecular signatures defined for lymphoma in the Staudt molecular signature database (http://lymphochip. nih.gov/signaturedb). 25 The gene sets that were coregulated with TCL1A expression were identified using Pearson's correlation, with a minimum of 15 genes in a gene set required to qualify for further analysis.
ARACNE was used to generate direct regulatory interactions with TCL1A; 26 ARACNE is an algorithm that reverse engineers a gene regulatory network from microarray gene-expression data. The algorithm uses mutual information, an information theoretical measure, to compute the nonlinear correlation between pairs of genes and infer a bestfit network of probable interactions. The results show those best candidate genes (Po0.05) that share a direct regulatory relationship with a particular gene target.
Tissue Microarray and Immunohistochemistry
A tissue microarray 23 with 64 cases of mantle cell lymphoma was stained with TCL1A (clone 27D6/20, MBL International, MA) and cyclin D1 antibodies (NeoMarkers-LabVision, Thermo Fisher Scientific Inc., Fremont, CA). The diagnosis of the cases was corroborated by positive cyclin D1 staining.
The expression of the studied markers was determined by the ARIOL semiautomated computerized training system (http://www.aicorp.com/ products/02path.htm). 23 The system was trained by a team of technicians and pathologists to quantify TCL1A and CCND1 expression. The operation is similar to flow cytometry but on tissue sections, involving quantitative measurement (number of cells in a core of the patient's sample) and qualitative assessment (intensity of staining).
Statistical Analysis
Survival curves were produced by the Kaplan-Meier method. All deaths were attributed to the tumor. Statistical significance of associations between individual variables and survival was determined using the log-rank test. Pearson's correlation was applied to TCL1A and CCND1 expression analysis. All statistical analyses were performed using SPSS version 13.0 (SPSS Inc., Chicago, IL). 
Results
TCL1A Expression in B-Cell Non-Hodgkin's Lymphoma
The assembly of a collection of gene-expression signatures of the major types of B-cell non-Hodgkin's lymphoma enabled the functional and clinical relevance of genes presumably involved in the pathogenesis of specific tumor types to be investigated. An unexpected finding in our microarray series was the increased expression of TCL1A in different lymphoma types and cases (Figure 1 ), in spite of this gene expression being restricted to a subset of mantle zone cells in normal lymph nodes. Thus, Burkitt's lymphoma cases had a consistently strong expression of TCL1A, whereas diffuse large B-cell lymphoma, follicular lymphoma, mantle cell lymphoma, chronic lymphocytic leukemia, nodal marginal zone lymphoma, and splenic marginal zone lymphoma displayed striking variability in the intensity of TCL1A staining. This increased expression of TCL1A in different non-Hodgkin's lymphoma types and cases was validated by an Oncomine (www.oncomine.org) search from already published microarray data, where great variability in the intensity of TCL1A expression was noticed in most B-cell lymphoma types (Figure 2) . To understand better the functional relevance of the increased expression of TCL1A, we performed an unsupervised hierarchical clustering of genes in the OncoChipt that showed the TCL1A oncogene to be coregulated in a cluster including B-cell receptorpathway genes, such as BTK and LYN, and genes involved in lymphoma pathogenesis (eg, POU2AF1 and BCL11A; Supplementary Figure 1 ), thus confirming our previous observations linking B-cell receptor genes with TCL1A expression in chronic lymphocytic leukemia, which were made using a different platform and series of cases. 17 Hence, we have used gene-expression data to generate testable hypotheses about B-cell lymphoma pathogenesis.
Pathways coregulated with TCL1A across nonHodgkin's lymphoma types Pearson's correlation identified the genes coregulated with the expression of TCL1A (Figure 3) . It is of particular note that although increased microarray expression was seen in all the B-cell lymphoma series, it specifically appeared to establish distinct heterogeneity in chronic lymphocytic leukemia, mantle cell lymphoma, diffuse large B-cell lymphoma, follicular lymphoma, and splenic marginal zone lymphoma cases, whereby the groups featured either high or low levels of expression of TCL1A that were associated with changes in the expression of a large set of genes. To explore this in greater depth, we performed comparative Gene-Set Enrichment Analysis of the genes whose expression was correlated with TCL1A expression, and found that variation in the level of expression of TCL1A was significantly associated (Po0.05) with some of the most important pathways controlling B-cell lymphoma pathogenesis and heterogeneity (Table 2 ). These pathways included those of the germinal center, B-cell receptor, NF-kB (and its target genes), death, MAP kinases, TNFR1, TOLL, and IL1R. The association of TCL1A with the expression of all these pathways implies that it may have a central role in B-cell lymphomagenesis. To explore further the genes that share a direct regulatory relationship with TCL1A, we applied ARACNE. Reverse engineering for TCL1A regulatory network confirmed most of the results obtained by Gene-Set Enrichment Analysis, including the genes LYN, BCL2, TNFRSF7, and TCL6 (Figure 4) .
The functional relevance of TCL1A expression was validated by analyzing a previously published independent series of 98 chronic lymphocytic leukemia 22 patients with Gene-Set Enrichment Analysis. Cases that strongly expressed TCL1A, more strongly expressed genes clustered in the gene sets identified as BLIMP-1 targets and the CREBP pathway, including important B-cell receptor signaling genes such as SYK, BTK, and AKT-1. A low level of expression of TCL1A was associated with NF-kB and its associated pathways, such as the CD40 signaling during GC development and IL1R pathway ( Figure 5 ). TCL1A and ZAP70 expression were significantly correlated in this series (P ¼ 0.007).
Clinical significance of TCL1A expression in chronic lymphocytic leukemia B-cell receptors in TCL1A transgenic mice show very low level of somatic hypermutation, resembling those of aggressive human chronic lymphocytic leukemia with shorter time to treatment and poorer overall survival. 10 Additionally, the expression of TCL1A in human chronic lymphocytic leukemia has Figure 4 Network analysis for TCL1A in B-cell non-Hodgkin's lymphoma using ARACNE (Algorithm for the Reconstruction of Accurate Cellular Networks). The figure shows those best candidate genes (Po0.05) that share a direct regulatory relationship with TCL1A.
TCL1A expression in B-cell lymphoma M Aggarwal et al been associated with the presence of unmutated IgVH genes, 11 but to the authors' knowledge, no direct proof of the clinical prognostic value of TCL1A expression in chronic lymphocytic leukemia has previously been published.
The analysis of the data generated by geneexpression profiling of an independent set of 98 chronic lymphocytic leukemia patients 22 with a specific microarray platform shows that overexpression of TCL1A is associated with shorter time to treatment in chronic lymphocytic leukemia patients (Po0.001; Figure 6 ). In this analysis, the series was divided into four quartiles according to TCL1A expression, and cases in the lower quartile were compared with those in the other three quartiles.
Clinical significance of TCL1A expression in mantle cell lymphoma A new series of 64 mantle cell lymphoma, 23 cases was analyzed in a tissue microarray to establish CAMK2D  SOS1  PRKCB1  RAC1  MAPK3  AKT1  PRKABIA   GRB2  CREB1  MAPK1  INPP5D   LCK  CSK  BLNK  TRAF5  PCNA  BTK  CD37  YWHAQ  FCER2  CD22  CR2  DAXX  SYK  IL1B  BCL6  CD44  IER3  TNFSF9  MAP3K8  CFLAR  NFKB2  BCL2A1  NFKBIE  GADD45B   ICAM1  IRAK2  MAPK14   IL1A  TRAF6  MAP2K3  NFKB1  IL1R1  IL6  MAPK8 BLIMP-1 TARGETS CREBP PATHWA Y CD40 SIGNALLING PATHWAY IL1R PATHWAY Figure 5 Heat map showing genes coregulated with variable expression of TCL1A oncogene in chronic lymphocytic leukemia (98 cases).
Cases with stronger TCL1A expression show increased expression of coregulated pathways, such as B-cell receptor genes. Cases with weaker TCL1A expression have an NF-kB target-gene signature.
TCL1A expression in B-cell lymphoma M Aggarwal et al Figure 6 Prognostic significance of TCL1A oncogene in chronic lymphocytic leukemia: Kaplan-Meier analysis shows TCL1A microarray data in 98 cases of chronic lymphocytic leukemia (log-rank test P-valueo0.001). The cases were divided into quartiles of TCL1A expression and the lowest was compared to the top three quartiles. TFS: Treatment-free survival. TCL1A expression in B-cell lymphoma M Aggarwal et al the clinical and biological significance of TCL1A protein expression (Figure 7 ). In this case, stronger TCL1A expression was associated with shorter survival probability (P ¼ 0.02; Figure 8 ). For this analysis, the mantle cell lymphoma cases in the lowest quartile of TCL1A expression, which represents the 25% of cases with the lowest TCL1A intensity, were compared with those of the other three quartiles.
The correlation between TCL1A and cyclin D1 protein expression was also investigated. TCL1A and cyclin D1 expression were significantly correlated (Pearson's R ¼ 0.283, P ¼ 0.024). This same association was seen in the mRNA-expression array data of the Lymphochip (http://llmpp.nih.gov/; data not shown).
Discussion
Gene-expression profiling analysis of lymphomas has allowed collecting data from a large series of cases including all the major lymphoma types. One of the surprising findings of this study was the increased expression of TCL1A gene in multiple Bcell non-Hodgkin's lymphoma types, which confirms and extends previously published findings concerning precise lymphoma types. 27 Physiological expression of TCL1A is largely limited to precursor/immature T and B lymphocytes and a subset of mantle zone B cells. 11, 27 However, lymphoma analysis shows that TCL1A expression is increased in specific cases or tumor types presumably deriving from TCL1A-negative cells subsets. Additionally, all tumor types, with the notable exception of Burkitt's lymphoma, show striking variability in the intensity of TCL1A expression. Although this had been previously described in specific lymphoma types, our observations indicate that increased TCL1A expression is a general phenomenon, occurring to some extent in all major B-cell lymphoma types. 12, 27, 28 Interestingly, the only lymphoma type in which TCL1A expression was consistently high was Burkitt's lymphoma, a tumor whose normal counterpart is TCL1A-negative germinal center cells. Indeed TCL1A expression has been proposed as being a useful ancillary test of use in the diagnosis of Burkitt's lymphoma. 29, 30 The oncogenic capacity of TCL1A has been demonstrated by several groups. Thus, overexpression of the TCL1A gene in murine B-cells leads to a CD5( þ ) B-cell lymphoproliferative disorder with many of the features seen in the aggressive variant of human B-cell chronic lymphocytic leukemia, including a very low level of Ig somatic hypermutation. 4, 10 Hoyer and co-worker have also shown that dysregulated TCL1 promotes multiple classes of mature B-cell lymphoma. 27 In this study, we have demonstrated an association between TCL1A expression and essential pathways for B-cell survival, including B-cell receptor, CD-40 signaling, NF-kB, TOLL, and calcium-signaling pathways. These findings seem to place TCL1A at the center of a crossroads that is essential for malignant B-cell survival, where B-cell apoptosis induced by antigen receptor crosslinking is blocked by a T-cell signal through CD40. 31 This is consistent with the interpretation that the increased expression of TCL1A observed in multiple B-cell lymphoma types is the consequence of the escape from GC mechanisms of TCL1A repression. 13 ARACNE generates a putative transcriptional network to predict broader functional relationships and could help in the understanding the biological role of TCL1A. One of the important findings of network analysis was probable regulatory interaction of TCL1A and CD27. It is known that TNFRSF7/CD27 binds to CD70, and plays a key role in regulating B-cell activation and immunoglobulin synthesis. It transduces signals that lead to the activation of NFkB and MAPK8/JNK. Adaptor proteins TRAF2 and TRAF5 have been shown to mediate the signaling process and are important in the apoptosis induced by TNFRSF7. TRAF1 and BCL2 are frequently found overexpressed in human chronic lymphocytic leukemia and this cooperation has been proposed to contribute to the development of chronic lymphocytic leukemia. 32 Interestingly, the ARACNE study suggests a potential mechanism where TCL1A oncogene may provide a common link of functional regulation between B-cell receptor component (LYN), NF-kB pathway (pro-apoptotic signal via TNFRSF7), and survival pathway (BCL2) in B-cell non-Hodgkin's lymphoma.
We have also demonstrated the prognostic significance of TCL1A expression in chronic lymphocytic leukemia and mantle cell lymphoma in patients using RNA microarray and protein studies, respectively. This, together with the data showing that TCL1A expression is correlated with an adverse clinical outcome in diffuse large B-cell lymphoma 33 is consistent with the proposed oncogenic role played by TCL1A expression. Gene-silencing studies may reveal how B-cell receptor and other coregulated pathways interact with the TCL1A oncogene at the molecular level.
Thus, these data contribute to the identification of lymphoma as the result of multiple oncogenic lesions and dysregulated pathways, some of the key drivers being B-cell receptor signaling and TCL1A expression acting via the calcium-signaling pathway. A potential therapeutic implication of these findings has been shown by Zanesi et al, 34 where rapamycin inhibition of the Tcl1/Akt/mTOR pathway in Em-TCL1 transgenic mice prolonged the life of all treated animals. PI051623, PI052800, CIBER-ER), the Ministerio de Ciencia y Tecnología (SAF2005-00221, SAF2004-04286, BIO 2005-01078), the Fundació n la Caixa, Spain, and the National Institute of Bioinformatics (www.inab.org), a platform of Genoma Spain. This study was also supported by a Marie Curie PhD Early Stage Research Training fellowship. We appreciate the grammatical and linguistic review provided by Dr Philip Mason.
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